Eosinophils and their products play an essential role in the pathogenesis of various reactive and neoplastic disorders. Depending on the underlying disease, molecular defect and involved cytokines, hypereosinophilia may develop and may lead to organ damage. In other patients, persistent eosinophilia is accompanied by typical clinical findings, but the causative role and impact of eosinophilia remain uncertain. For patients with eosinophil-mediated organ pathology, early therapeutic intervention with agents reducing eosinophil counts can be effective in limiting or preventing irreversible organ damage. Therefore, it is important to approach eosinophil disorders and related syndromes early by using established criteria, to perform all appropriate staging investigations, and to search for molecular targets of therapy. In this article, we review current concepts in the pathogenesis and evolution of eosinophilia and eosinophil-related organ damage in neoplastic and non-neoplastic conditions. In addition, we discuss classifications of eosinophil disorders and related syndromes as well as diagnostic algorithms and standard treatment for various eosinophil-related disorders.
Blood and/or tissue HE is detectable in various inflammatory reactions, certain hematologic malignancies and sometimes in patients with solid tumors (Box 1) [9] [10] [11] [12] [13] [14] [15] [16] [17] . Reactive eosinophilia is typically found in patients with helminth infections, toxic or allergic drug reactions and atopic disorders (Box 1). Hematopoietic malignancies typically (but not always) accompanied by eosinophilia are myeloproliferative neoplasms (MPN), certain variants of acute myeloid leukemia (AML), a smaller subset of patients with myelodysplastic syndromes (MDS), some MDS/MPN overlap disorders, several (mostly Tcell-derived) lymphoproliferative disorders and (advanced) systemic mastocytosis (SM) (Box 1) [13, [18] [19] [20] [21] [22] [23] [24] . These differential diagnoses should be considered in cases of unexplained HE, especially in the context of other blood count abnormalities. In such patients, a hematologic work-up, including bone marrow (BM) investigations with cytogenetics, FISH and molecular analyses, should be initiated [18] [19] [20] [21] [22] [23] [24] . In patients with myeloid or stem cell-derived neoplasms, eosinophils usually belong to the malignant clone. In these patients, fusion genes involving PDGFRA, PDGFRB, FGFR1 or other tyrosine kinases may be present (Table 1 ). This is of great importance given the fact that imatinib is highly effective in patients with PDGFRA or PDGFRB fusion genes, but not in neoplasms with FGFR1 fusion genes [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . In chronic eosinophilic leukemia (CEL), the FIP1L1-PDGFRA fusion gene (and the related cytogenetic surrogate CHIC2 deletion by FISH) is detected in approximately 10-20% of all cases, and is thus the most frequent recurrent aberration in CEL (Table 1) . Numerous other cytogenetic defects, such as loss of the Y chromosome, trisomy 8, trisomy 15, del(6q), del(20q) or i(17q), have also been reported [13] . Although most of these defects are rare in patients with eosinophil neoplasms, they support the clonal nature of HE.
During the past two decades, our knowledge about eosinophils, their biology, their specific functions and the mechanisms underlying HE and HE-related organ damage has improved substantially. Moreover, several proposals for the classification of HE-related disorders have been presented [17] [18] [19] [20] [21] [22] [23] [24] [29] [30] [31] [32] [33] . However, a number of open questions concerning the definition of HE and the classification of HE-related disorders remain. In this article, the authors review and discuss the recent literature and the current knowledge about eosinophils, eosinophil-induced organ damage and disorders presenting with HE. In addition, a diagnostic algorithm is proposed and related diagnostic parameters and treatment options are discussed.
Origin, development, migration & activation of eosinophils: role of cytokines and peptide mediators
Eosinophils are constantly replenished from a pool of pluripotent and lineage-committed hematopoietic progenitor cells in the BM (Figure 1 ) [34] [35] [36] . Bipotent precursor cells for eosinophils and basophils (CFU-eo/ba) are detectable in the BM and peripheral blood in healthy subjects as well as in patients suffering from allergic or other inflammatory reactions [34] [35] [36] [37] [38] . The production of eosinophils from multipotent and lineage-restricted progenitors is tightly controlled by a network of transcription factors (GATA-1, PU.1, c/EBPs and others) [39] , growth factors and growth-inhibitory cytokines. Major growth factors for eosinophils are IL-5, granulocyte/macrophage colonystimulating factor (GM-CSF) and IL-3 (Table 2) [40-42]. These growth regulators are produced and secreted by (activated) immune cells such as T cells and mast cells, stromal cells and by eosinophils themselves [43] [44] [45] [46] [47] . Cell surface receptors for IL-3, IL-5 and GM-CSF are detectable on immature multipotent eosinophil progenitor cells, eosinophil-committed precursors and on mature eosinophils [48] [49] [50] . In line with this observation, these cytokines trigger not only proliferation of eosinophil progenitor cells, but also migration, adherence, cytokine production, activation and survival (by delayed apoptosis) of mature eosinophils ( Figure 1 & Table 2 ) [48] [49] [50] [51] . The mobilization of eosinophils from the BM into the blood is regulated predominantly by IL-5 and eotaxin.
In addition to classical eosinophilic growth factors, other cytokines such as platelet-derived growth factor or NGF may play a role in the regulation of eosinophil development and function [52, 53] . Although constitutively activated receptors for these cytokines may be involved in the development of HE, the effects of platelet-derived growth factor and NGF on eosinophil growth and function remain largely unknown (Table 2) . Other cytokines and chemokine ligands (CCL), such as IL-16, vascular endothelial growth factor, CCL5 (RANTES), CCL11 (eotaxin), CCL24 (eotaxin-2), CCL26 (eotaxin-3) and plateletactivating factor, induce eosinophil migration and chemotaxis (Table 2) [54 -68] . Most of these peptide mediators also trigger eosinophil activation, and some of them alter the adhesive properties of eosinophils (Table 2) . Eosinophil-activating cytokines, such as IL-3 or IL-5, have also been described to enhance responsiveness of eosinophils to other peptides and cytokines [69] . Another related observation is that eosinophils isolated from inflamed tissue show enhanced migratory responses to various ligands compared with eosinophils in healthy tissue, and thus are in an activated (primed) state [70] .
Finally, growth, survival and function of blood eosinophils are controlled by various 'negative-regulators' such as Siglec-8 and other cell surface inhibitory receptors [71, 72] . It has also been described that TGF-β, IFN-α and IFN-γ suppress cytokineinduced growth and differentiation of human eosinophils in vitro (Table 2 ) [73] [74] [75] . In addition, TGF-β induces apoptosis in mature eosinophils [76] . Moreover, such soluble 'negative-regulators', like IFN-γ, reportedly counteract cytokine-induced migration of eosinophils [77] . All of these cytokine effects are considered to be mediated via specific receptors expressed on eosinophils. Eosinophils also possess receptors for glucocorticosteroids (GC), which inhibit eosinophil growth and function, and the number of GC receptors detectable in eosinophils correlates with the responses of these cells to GCs [78, 79] .
Expression of pathogenetically important cell surface receptors & other target antigens on eosinophils
Adhesion, migration, activation and survival of eosinophils are regulated by a network of cytokines, chemokines, other biologically active ligands and their receptors (Table 2) . Indeed, eosinophils express a unique composition of cell surface receptors relevant to adhesion, homing and migration [58, 59, [61] [62] [63] [64] [65] [80] [81] [82] . Several of these receptors are involved in the transmigration of eosinophils through endothelial monolayers [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] , and thus in homing to tissues, which is critical for the development of a local eosinophil infiltrate typically seen in patients with HE-related organ damage (Figure 1 ). Eosinophils have also been reported to express L-selectin as well as E-and P-selectin ligands, various integrins, sialyl Lewis x, intercellular-adhesion molecule 1, the C3bi receptor (CD11b/ CD18) and leukocyte-function antigen-1 (CD11a/CD18) [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] . In addition, eosinophils express leukosialin (CD43) and the leukocyte invasion receptor CD44. Whereas selectins are considered to mediate rolling and tethering of eosinophils on endothelial cell membranes and thus marginalization of eosinophils in the blood stream, integrins and other adhesion receptors mediate firm binding of eosinophils to endothelium before transmigration.
A number of proinflammatory cytokines and peptides promote the expression of adhesion molecules on eosinophils. Proinflammatory cytokines, such as IL-1, also promote the expression of 'leukocyte-binding' adhesion molecules on endothelial cells [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] . In line with this observation, eosinophils derived from inflamed tissues express higher levels of certain cell surfaceadhesion receptors. Conversely, GCs and other anti-inflammatory agents inhibit cytokine-induced expression of adhesion molecules on eosinophils and endothelial cells and thus eosinophil adhesion and transendothelial migration [96, 97] .
Eosinophils also express a number of other biologically active cell surface molecules, including complement receptors, Tolllike receptors, Fc receptors, gangliosides and various structural glycoproteins [79] [80] [81] [82] [83] 98] . In addition, eosinophils express various lineagerestricted myeloid (target) antigens, such as Siglec-3 (CD33), and inhibitory receptors, including CD300a, EP4, SIRPα/CD172a and Siglec-8 [71, 99, 100] . CD300a and Siglec-8 are also expressed on basophils and mast cells, but are not expressed on other leukocytes [100, 101] . Crosslinking of Siglec-8 on eosinophils is associated with apoptosis [102, 103] , whereas crosslinking of other inhibitory receptors described to date appears to downmodulate eosinophil responses to activation signals.
Altogether, a wide variety of surface molecules, including cytokine receptors, adhesion receptors, peptide (chemokine) receptors and siglec molecules, have been considered as potential targets of therapy in eosinophil-related disorders [101] [102] [103] [104] [105] [106] . Whether such receptors can indeed be used as targets of drug therapy, and whether suitable targeted drugs can be developed, remains to be determined in preclinical studies and future clinical trials.
Eosinophil-derived mediators & their potential role in the pathogenesis of eosinophil-induced organ damage
Eosinophils are a rich source of proinflammatory mediators and cytokines, including hematopoietic growth factors, chemotactic and leukocyte-activating peptides, vasoactive mediators and profibrotic and/or angiogenic molecules [107] [108] [109] [110] [111] [112] [113] . Eosinophils also synthesize various lipid mediators, including cysteinyl leukotrienes and prostaglandins, which play a role in eosinophil biology, as eosinophils serve as de novo producers and target cells of these compounds [2, 5, 6] . In addition, eosinophils express several, more or less cellspecific basic proteins, including eosinophil cationic protein, eosinophil major basic proteins (MBP1 and MBP2), eosinophil peroxidase (EPO) and eosinophil-derived neurotoxin (EDN) [109, [113] [114] [115] [116] . The eosinophil granule proteins possess numerous biological properties, including direct toxicity to cells and microorganisms and the ability to activate cells and platelets.
With regard to HE-related organ damage, little is known about the pathogenetic role of eosinophil-derived mediators and cytokines in specific disease states. Based on known biological activities, several eosinophil-derived mediators and cytokines may contribute to local inflammation and recruitment of other leukocytes (Table 3 ). Other eosinophil-derived compounds may display cytotoxic properties in local tissue sites, assist in microbe killing (basic proteins, extracellular DNA traps and others) [117] [118] [119] , counteract or degrade vasoactive molecules such as histamine (by eosinophil-derived histaminase), regulate lymphocyte function [110] [111] [112] [113] 120] or facilitate the development of fibrosis or thrombosis (Table 3 ) [107] [108] [109] [110] [111] [112] [113] . Of note, eosinophil products have been shown to promote fibrosis and thrombosis both by activating (and possibly damaging) endothelial cells and/or platelets and through antifibrinolytic or 'prothrombotic' actions mediated by expression and release of plasminogen activator inhibitor-2 [121] and other compounds. In fact, activated eosinophils and neoplastic eosinophils are a particularly rich source of proinflammatory, angiogenic and fibrogenic cytokines [45, [107] [108] [109] [110] [111] [112] [113] [114] . These eosinophil-derived mediators and cytokines may all act together to cause tissue damage in patients with HE.
Definition & classification of HE & HE-related organ damage (hypereosinophilic syndromes)
The normal eosinophil count in the peripheral blood ranges from 50 to 500 × 10 9 /l. Blood eosinophilia can be divided into mild eosinophilia (up to 1500 × 10 9 /l) and marked eosinophilia (>1500 × 10 9 /l). The term HE should be used when marked blood eosinophilia has been documented and is persistent, with or without an additional marked tissue eosinophilia [33] . The defining features of 'tissue HE' have not been well characterized. Physiologically, substantial numbers of eosinophils are observed in the BM and in lymphatic organs as well as in the mucosal linings of the intestinal tract, especially the stomach, small intestine and colon [122] . In most other tissues and organs, however, even low numbers of eosinophils can be regarded as 'eosinophilia'. True tissue HE is thus characterized by a local marked increase in eosinophils and/or marked deposition of eosinophil-derived proteins such as MBP [122] [123] [124] . Sometimes, the deposition of MBP is a predominant finding even in the absence of marked eosinophil accumulation [122] [123] [124] It is important to note that some patients with unexplained HE are asymptomatic at presentation and may not develop clinical manifestations for many years. These patients would initially be classified as HEUS. In patients with HEUS, no underlying (neoplastic or non-neoplastic) disease and no organ damage (or dysfunction) is detected. Some of these patients may develop signs and symptoms of eosinophil-induced organ damage in the followup. When organ damage accompanies HE (of any type), the term 'hypereosinophilic syndrome' (HES) is appropriate, provided that organ involvement is clinically relevant and can be attributed to HE [33] . This formulation closely matches to the traditional definition of HES [125] [126] [127] [128] and remains a useful concept in clinical practice.
Similar to HE, HES should be divided into variants based on the underlying etiology [33]: idiopathic HES (with unknown etiology), primary (neoplastic) HES with an underlying clonal myeloid or stem cell disorder and secondary (reactive) HES where an underlying nonneoplastic or paraneoplastic condition is detected and is responsible for the expansion of nonclonal eosinophils. The lymphoid variant of HES (HE) was recognized as special situation. Although diagnostic criteria are not well established, this condition exhibits several features of reactive HES. Typically, lymphocytes from patients with lymphoidvariant HES show an aberrant phenotype, most often CD3 − /CD4 + , by flow cytometry. Monoclonality of T cells as demonstrated by a positive (monoclonal) T-cell receptor rearrangement may also be detected. The clinical course tends to be indolent, with rare cases of evolution to T-cell lymphoma.
Although several different organ systems may be affected in HES, organ damage is typically restricted to certain organ systems, including the heart, lungs, skin, spleen, GI tract and central nervous system [125] [126] [127] [128] [129] . Endomyocardial fibrosis, development of intracavitary thrombi and occurrence of intravascular thrombosis represent serious cardiovascular complications of HE [123, [129] [130] [131] [132] [133] [134] [135] . Endomyocardial fibrosis and thrombus formation are frequently seen in (untreated) patients with eosinophilic leukemias carrying the FIP1L1-PDGFRA fusion gene, but may also develop in other patients with HES. Patients with FIP1L1-PDGFRA + eosinophilic leukemia usually respond well to imatinib, and early treatment prevents irreversible organ damage in most patients [25] [26] [27] [136] [137] [138] . Therefore, it is of great importance to start staging and genetic investigations early in order to document or exclude overt or imminent organ damage and to identify patients with a myeloid neoplasm likely to respond to imatinib therapy.
Approach to the patient with HE & staging investigations
A detailed medical history should be elicited from all patients with HE, including complete drug/medication and travel histories. Testing for potential helminth infections, including stool examination and serologies, should be guided by the exposure history. Nonessential drugs should be discontinued, and the chronology of events between exposure and the development of HE should be determined for the remaining medications. If no inciting drug or infection is identified, a thorough investigation for allergic/atopic or autoimmune disorders, blood cell disorders and other neoplastic conditions should be initiated [139, 140] . This is usually performed in a stepwise approach. Important initial parameters that can be obtained from routine laboratory testing include a complete blood count with differential counts (confirmed by microscopy), routine chemistries (including tests of hepatic and renal function), levels of inflammatory markers and autoantibodies, serum IgE, vitamin B12 and tryptase levels, and a molecular test for FIP1L1-PDGFRA. BM investigation is warranted in all patients in whom HE remains unexplained or if a hematopoietic neoplasm is suspected. In patients with eosinophilic leukemia or other myeloid neoplasms, eosinophils are often (not always) immature and may display atypical morphology on Wright-Giemsa or MayGrunwald-Giemsa stained aspirate smears ( Figure 2 ). Eosinophil granule abnormalities, including reduced granule size, leading to hypodense eosinophils, have also been described in patients with HE N [141] . In some patients, the BM smear shows an increase in blast cells. However, HE N can also occur with morphologically normal eosinophils, and in most patients, blast counts are normal at diagnosis.
BM investigations should also include a core biopsy with histology and immunohistochemistry ( Figure 2 ). Ideally, an immunohistochemical marker panel including CD34, CD117, tryptase and CD25 should be applied [142] . In addition, cytogenetics, FISH and molecular analyses (seeking PDGFRA-, PDGFRB and FGFR1 fusion genes, BCR-ABL, JAK2 V617F, KIT D816V as well as clonal TcR rearrangement) should be performed [23, 33] . Many, but not all, of the molecular analyses are equally sensitive using peripheral blood cells. BM is usually required for cytogenetic examinations, although studies on peripheral blood can be successful if precursor cells circulate in the peripheral blood, which can be the case in HE N and HES N . Finally, lymphocyte (T cell) phenotyping (by flow cytometry) should be performed in patients with HE to identify aberrant populations, most commonly CD3 − /CD4 + T cells, which have been associated with eosinophilopoietic cytokine production [143, 144] . Concomitant with the evaluation described above, directed at identifying the etiology of the eosinophilia and depending in part on the signs and symptoms in the individual patient, the extent of eosinophil-mediated organ damage should be assessed. In all patients, these investigations should include a physical examination with thorough skin examination (by a dermatologist), detailed cardiologic evaluations including assays of serum troponins and an echocardiogram (and MRI if echocardiographic findings are difficult to interpret), assessment of pulmonary function, chest x-ray, abdominal imaging, and gastrointestinal examinations (with endoscopy if indicated).
Differential diagnoses, underlying disorders & diagnostic algorithm
As mentioned above, a number of different underlying conditions and disorders may induce HE with or without organ damage (HES). It is important to search for such disorders in patients with unexplained HE. When no underlying disease, family history, organ damage or other related disease (rare syndrome associated with eosinophilia) is discovered, the (provisional) diagnosis is HEUS (Figure 3) [33].
A number of reactive conditions and disorders can cause HE and may produce a clinical picture resembling HES (Box 1). Reactive hypereosinophilia (HE R ) may develop in the setting of an underlying parasitic infection, drug allergy or neoplasm. Solid tumors, such as adenocarcinomas occurring in the lung, cervix or digestive tract, may produce paraneoplastic HE as a result of ectopic production of IL-5 or other cytokines by malignant cells. Similarly, there are hematological malignancies where eosinophilia is reactive, such as in Hodgkin's lymphoma, T-cell lymphomas or B-cell acute lymphoblastic leukemia. On the other hand, HE may also develop as a clonal (neoplastic) process (HE N ) in the setting of a hematopoietic malignancy (Figure 3 The WHO classification has also included the category 'chronic eosinophilic leukemia -not otherwise specified' (CEL NOS) [30, 31] . Again, the current recommendation is to diagnose CEL NOS according to this classification and the proposed WHO criteria [31] . However, for the future, it may be advisable to revise this classification, and to adjust these criteria on the basis of novel markers and histomorphological criteria [33] .
Finally, in other hematopoietic neoplasms, such as advanced mastocytosis, acute leukemias or stem cell-derived neoplasms, eosinophils may represent a mixture of clonal and nonclonal cells. The dilemma is that it is impossible to confirm (or exclude) clonality of eosinophils in these patients in daily practice.
Additional rare syndromes with specific organ pathologies can produce HE. These syndromes have been separated from the classical variants of HES because, although it is tempting to surmise that abundant eosinophils contribute to pathogenesis, the exact relationships between HE and the observed pathologies are often uncertain. It is important to be aware of these potential diagnoses when approaching a patient with HE. These disorders include, among others, episodic angioedema and eosinophilia (Gleich's syndrome), ChurgStrauss syndrome (CSS), Eosinophilia Myalgia syndrome, Omenn syndrome and the HyperIgE syndrome (Table 4 ). Gleich's syndrome is characterized by cyclic, recurrent angioedema, associated with peripheral blood HE and elevated polyclonal IgM [145, 146] . In some cases, lymphocyte phenotyping reveals abnormal (activated) T-cell subsets (CD4 + T cells with decreased or absent expression of surface CD3). Therefore, Gleich's syndrome is also regarded as a special manifestation of the lymphoid variant of HES [140, 144, 147] . CSS is characterized by necrotizing vasculitis often accompanied by asthma and eosinophilia [148] [149] [150] . Antineutrophil cytoplasmic antibodies are detectable in a subset (less than 50%) of CSS patients [148] [149] [150] [151] . Eosinophilia Myalgia syndrome is defined by severe myalgia and is often accompanied by neurologic symptoms and skin changes. Epidemic cases were associated with l-tryptophan exposure and with the toxic oil syndrome (Table 4) [151] [152] [153] . Omenn syndrome and the Hyper-IgE syndrome are rare inherited immunodeficiency syndromes accompanied by eosinophilia (Table 4 ). There are other clinical conditions and syndromes characterized by the presence of eosinophilia, sometimes resembling HES. In many (if not most) of these conditions, eosinophilia is likely triggered by aberrant lymphocyte production of eosinophilopoietic cytokines such as IL-5 [143, 144] .
Management & therapy of patients with HE & HE-related disorders
In patients with HEUS and HEF, it seems appropriate to follow-up the patient without treatment provided that there are no signs or symptoms of eosinophil-related organ damage despite careful medical monitoring. Notably, both HEUS and HEF must be regarded as provisional diagnoses, since in both conditions, organ damage may develop over time, or a hematologic or other underlying disease may eventually be detected.
The reactive form of HE is best managed by treating the underlying disease. In many cases, symptomatic therapy is sufficient to control problems related to eosinophil activation in these patients. However, it is not appropriate to treat HE per se in these patients, such as when no eosinophil-related organ damage (HES) is present. If the underlying disease is accompanied by HES and cannot be managed with or is resistant to conventional (symptomatic) therapy, the eosinophil count can usually be suppressed with glucocorticosteroids [140, [154] [155] [156] [157] . These drugs act directly and indirectly to reduce eosinophilia by inducing apoptosis in eosinophils and eosinophil precursors, and by inhibiting production of eosinophilopoietic cytokines by T lymphocytes (Table 5) .
For patients presenting with HES in the absence of a detectable underlying cause (so-called idiopathic HES) or with lymphoid variant HES, glucocorticoids are also indicated, but side effects and poor tolerance are often dose-limiting. The most commonly used corticosteroidsparing agents in this setting are hydroxyurea and IFN-α (Table 5 ) [140, [154] [155] [156] [157] . Mepolizumab, an anti-IL-5 antibody, has also been shown to be a safe and effective steroidsparing agent for patients with FIP1L1/PDGFRA-negative HES (idiopathic and lymphoid variants) but is not commercially available [158] [159] [160] [161] .
In contrast to patients with idiopathic HES and reactive HES, those with HES in the setting of a clonal (neoplastic) BM disease (HES N ) do not typically respond to glucocorticoid therapy. Although IFN-α and hydroxyurea have been used with some success, the mortality in this subgroup of patients with HES remained high until the recent development of therapeutic agents targeting specific molecular defects in CEL and other hematopoietic neoplasms with eosinophilia. Notably, a number of molecular targets related to CEL or other hematopoietic malignancies presenting with eosinophilia have been identified in the past decade [13, [18] [19] [20] [21] [22] [23] [24] [162] [163] [164] [165] . It is essential to define any molecular defects (and thereby therapeutic targets), the exact histomorphological diagnosis and extent of organ involvement (organ damage) by appropriate staging investigations in order to develop an optimal treatment plan.
The [170] [171] [172] . For these patients, novel TKIs such as sorafenib, nilotinib or midostaurin may be considered (in clinical trials) [173] [174] [175] [176] . Another approach is to apply alternative cytoreductive agents, such as IFN-α, hydroxyurea or experimental drugs, including new antileukemic, targeted small-moleculetype drugs or targeted antibodies [177, 178] . In patients who progress to acute leukemia, high-dose chemotherapy and hematopoietic stem cell transplantation must be considered.
Rarely, the FIP1L1/PDGFRA fusion gene is detected in untreated patients with a longstanding apparently stable course of HE without evidence of organ damage. Although a polymorphism in the IL-5RA gene has been associated with disease severity [179] , there are as yet no predictive markers that can define the exact risk of progression or development of organ damage in these patients. Moreover, imatinib is a very well-tolerated drug without documented long-term side effects or additional mutagenic effects of the drug in leukemic patients (except in pregnant patients). Therefore, the current recommendation is to treat even asymptomatic patients with CEL early with imatinib to prevent the development of irreversible complications, should disease progression occur.
In patients with FGFR1 mutants, imatinib is not effective and thus is not recommended. In many of these patients, the condition behaves as an aggressive stem cell disease or a leukemia/lymphoma syndrome (also known as 8p11 syndrome). For these patients, chemotherapy plus allogeneic stem cell transplantation or novel alternative targeted drugs [180] [181] [182] are potential treatment options. In other patients with myeloid neoplasms associated with HE, the treatment plan should be based on the underlying disease and the availability of relevant therapeutic agents.
Concluding remarks & expert commentary
HE is an important diagnostic checkpoint in various hematologic and nonhematologic disorders. In patients with HE, it is important to document or exclude an underlying neoplastic or non-neoplastic disease and to document or exclude the presence of definitive or imminent HE-related organ damage (HES). Several immunological, serological and molecular/cytogenetic markers are available to delineate variants of HE, HES and underlying conditions. Independent of the underlying disease, patients with overt or imminent organ damage (HES) are candidates for early therapeutic intervention. In those with secondary HES, treatment of the underlying disease is usually effective. In some patients with HES, IL-5-targeting antibodies may work. In patients who have mutated variants of PDGFRA or PDGFRB, imatinib or other PDGFR-targeting tyrosine kinase inhibitors are usually effective. Our increasing knowledge about eosinophilia, the development of more specific predictive biomarkers, markers of eosinophil clonality and gene chip profiling-based evaluations, as well as the development of new therapeutic approaches should improve diagnosis and prognosis of eosinophil disorders in the future.
Five-year view
During the next 5 years, in addition to recently identified markers, novel markers that distinguish varied eosinophil diseases and their therapeutic targets will be identified. Using such new parameters and molecular targets, the proposed definitions, criteria and classification of eosinophil diseases may be updated and refined. With regard to the diversity of eosinophilic diseases, we contribute our collective classification proposals and their bases. We would welcome the WHO in creating a new multidisciplinary consensus classification of eosinophilic diseases that includes clinical, histomorphological, cytogenetic and molecular parameters. 182. Wasag B, Lierman E, Meeus P, Cools J, Vandenberghe P. The kinase inhibitor TKI258 is active against the novel CUX1-FGFR1 fusion detected in a patient with T-lymphoblastic leukemia/ lymphoma and t(7;8)(q22;p11 
Key issues
• Eosinophils represent a distinct hematopoietic cell lineage with unique features. Chronic (hyper)eosinophilia may be accompanied by a characteristic pattern of organ damage.
• Hypereosinophilia (HE) is an important checkpoint in the diagnostic algorithm.
• Independent of the underlying disease, HE-associated organ damage is called hypereosinophilic syndrome (HES).
• Depending on the underlying disease, HE and HES can be further subclassified.
• In hematologic neoplasms with HE, eosinophils are usually clonal cells, although direct proof of eosinophil clonality is rarely obtained.
• Close clinical follow-up of HE of undetermined significance (HE US ) is necessary to monitor for development of HES and/or an underlying disease.
• Treatment of HES depends on the underlying disease and on the presence of identified therapeutic targets.
• Complete staging of all organ systems, including the skin, lung, heart, bone marrow and blood and GI tract, is essential in the evaluation of all patients with unexplained HE.
• Patients with myeloid or stem cell neoplasms and eosinophila caused by abnormalities in PDGFRA or PDGFRB should be treated with imatinib. After having established that HE is present, the cause and clinical significance of HE need to be explored. With regard to the cause, the patient is examined for signs of a reactive process (helminth infection, drug allergy or others), evidence of a myeloid or stem cell neoplasm (where eosinophils usually are neoplastic cells), or of other malignancies. In rare cases, familial HE is diagnosed. When no underlying condition and no signs of overt organ damage are found, the (provisional) diagnosis HE US is established, and the patient is carefully monitored. In the case of secondary (reactive or paraneoplastic) HE or clonal (neoplastic) HE, the final diagnosis is determined using the WHO criteria and other established criteria. Molecular defects refer to data reported in the available literature. Histomorphologic phenotypes and variants reported in these patients include CEL, myeloproliferative syndromes with eosinophilia (MPN-eo), myelodysplastic syndromes with eosinophilia (MDS-eo), MPN/MDS overlap syndromes with eosinophilia (MPN/MDS-eo), chronic myelomonocytic leukemia with eosinophilia, chronic myeloid leukemia, atypical chronic myeloid leukemia with eosinophilia, systemic mastocytosis with eosinophilia, aggressive systemic mastocytosis with eosinophilia, acute myeloid leukemia with eosinophilia, acute eosinophilic leukemia and stem cell syndromes, including the stem cell leukemia lymphoma syndrome and the 8p11 syndrome. By far the most frequent fusion gene is FIP1L1-PDGFRA, which is found in 5-15% of all cases with nonreactive HE. Other more rarely but recurrently identified molecular abnormalities (>5 cases reported) include ZMYM2-FGFR1 (formerly known as ZNF198-FGFR1), FGFR1OP-FGFR1 (FOP-FGFR1), CEP110-FGFR1, PCM1-JAK2, ETV6-JAK2, KIT D816V, CCDC6-PDGFRB (H4/D10S170) and ETV6 PDGFRB (TEL-PDGFRB). The majority of PDGFRB fusion genes have only been reported in single individuals.
CEL: Chronic eosinophilic leukemia; MPN-eo: Myeloproliferative neoplasms with eosinophilia.
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